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FLIGHT-INFORMATIONAL SENSORS, DISPLAY, AND SPACE CONTROL OF THE 

X - 1 5  AIRPLANE FOR ATMOSPHERIC AND NEAR-SPACE FLIGHT MISSIONS* 

By Jack Fischel and Lannie D. Webb 
Flight Research Center 

SUMMARY 

Various flight-informational sensors and some nonconventional pilot-display 
quantities have been evaluated and used on the X - 1 5  airplane during the expan- 
sion of the flight envelope to high altitudes and hypersonic speeds and in the 
accomplishment of the prcgramed research missions. Also, flight-guidance 
information has been provided by the ground-control monitoring stations. 

Several of the systems evaluated appear to be satisfactory for providing 
research and pilot-display information relative to airspeed, altitude, dynamic 
pressure, flow-direction angles, and vehicle attitude. Other systems need 
additional refinement of calibration and some onboard computational equipment 
if required for the pilot display. 

In general, use of a nose-boom installation on aircraft designed for speeds 
up to a Mach number of about 3 is recommended as the prime air-sensing source 
and for flow-direction measurements. For higher speeds and their associated 
altitudes, use of a ball nose or similar sensor having a high-temperature capa- 
bility, in conjunction with an accurately calibrated static source which is 
independent of all configurational and rotational effects, appears to be war- 
ranted. The inertial system tested provided satisfactory attitude information 
for long periods; however, the accuracy of the altitude output deteriorated 
because of the short-term reliability of the system. A stagnation-temperature 
sensor appears to be a promising source for velocity information at supersonic 
and hypersonic speeds but requires further development. 

Although the cockpit display used in the X-15 program can be improved, it 
has generally enabled precise attainment of goals for specific missions, partic- 
ularly with the aid of special displays and backup methods devised in preflight 
simulation planning. Even though the flight-guidance information provided to 
the pilot by ground-monitoring personnel is not essential for the accomplishment 
of every flight, it has contributed significantly to the success of the flight 
program. 
_. 

qhis paper was presented at the Aviation and Space Travel Congress on 
Interrelations Between Air and Space Navigation and Aerospace, Berlin, Germany, 
April 22-27, 1963. By arrangement with the sponsoring organization, Deutsche 
Gesel-lschaft fCr Ortung und Navigation E.V., it is being reproduced as a NASA 
publication to increase availability. 
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INTRODUCTION 

The X-15 rocket-powered airplane (fig. 1) was developed as an advanced 
research tool to provide research data and operational experience on manned ve- 
hicles operating both inside and outside of the earth's atmosphere, particularly 
at hypersonic speeds. To accomplish these objectives and to provide the neces- 
sary flight-guidance information to the pilot to .enable him to effectively per- 
form a variety of flight missions, various flight-informational sensors and some 
nonconventional pilot-display quantities have been evaluated and used on the 
X-15. In addition, space-positioning and other guidance information have been 
provided by the ground-control monitoring stations. 
tributed to the achievement of a Mach number of 6.04 and an altitude of 
314,750 feet. 

Theke techniques have con- 

Because of the need for reliable flight-guidance information for existing 
and future aerospace vehicles, the sensors and techniques developed in the X - 1 5  
program are considered to be of general interest. Also, the systems and tech- 
niques investigated can contribute to the design and utilization of equipment 
and procedures for efficient flight-profile programing at both low and high 
speeds. 

This paper presents pertinent information obtained during the X-15 program 
and discusses its use by the pilot in performing a variety of atmospheric and 
near-space flight missions. 

SYMBOLS 

normal -fore e coefficient 

altitude, ft 

pressure-altitude error (true altitude minus indicated altitude), ft 

free-stream Mach number 

indicated Mach number 

total or static pressure, psf 

free-stream dynamic pressure, psf 

difference between true and indicated dynamic pressure, psf 

time, see 



v velocity, ft/sec 

a angle of attack, deg 

La angle-of-attack error, deg 

B angle of sideslip, deg 

7 flight-path angle, deg 

e airplane pitch attitude, deg 

Sub sc ript s : 

b base area 

bn ball nose 

P pilot Is pitot probe 

t total or stagnation 

co ambient 

70 orifice at 70" location of ball nose 

DESCRIPTION OF FLIGHT SENSORS AND SYSTEMS 

Although ground monitors are provided with radar velocity, altitude, posi- 
tion and heading information, as well as telemetered quantities, during each 
X-15 flight, development of satisfactory onboard sensors and displays for flight- 
guidance information to the pilot is considered mandatory. 

In the early stages of the X-15 flight program, a standard NACA type of 
Pitot-static tube and free-floating vanes mounted on a nose boom (fig. 2) were 
used to provide total pressure, static Tressure, and flow-direction measurements. 
Similar sensors had been used on previous NACA research aircraft. Almost simul- 
taneously with the first flights of the X-15, flight development of an inertial 
flight-data system was initiated to provide recording and pilot displays of 
velocity, altitude, and three-axes attitude angles. Development of the inertial 
system was undertaken in view of anticipated nose-boom limitations associated 
with low-pressure measurements at high altitudes and with hypersonic heating 
effects. 

With the expansion of the X-15 flight envelope beyond a Mach number of 3 
and altitudes above 100,000 feet, the problems of high temperature and low pres- 
sure necessitated flight development and use of an advanced flow-direction 
sensor or "ball-nose sensor" to replace the nose-boom angle-of-attack and angle- 
of-sideslip information. 
pressure sensed at a static source at the 70" location above the total-pressure 

The total pressure sensed by the ball nose and the 



por t  have a l s o  been used t o  determine t h e  s u i t a b i l i t y  of t hese  pressure  sources  
f o r  d i s p l a y  and recording of a l t i t u d e  and speed. 

A s  a backup f o r  t h e  ba l l -nose  sensor and t h e  i n e r t i a l  system, a p i t o t  probe 
w a s  loca ted  ahead of t h e  cockpi t  canopy. T h i s  probe, a long with se l ec t ed  s ide -  
fuse lage  s t a t i c  sources,  w a s  connected t o  t h e  p i l o t ' s  instruments f o r  use during 
t h e  subsonic landing po r t ion  of each mission. Other sources of v e l o c i t y  and 
s t a t i c - p r e s s u r e  da t a  have a l s o  been inves t iga t ed  and are s t i l l  being s tud ied .  

Nose-Boom Sensor 

The P i t o t - s t a t i c  tube ( f i g s .  2 and 3) mounted on a nose boom ahead of t he  
fuse lage  w a s  a n a t u r a l  s e l e c t i o n  f o r  t h e  e a r l y  X-15 f l i g h t s ,  on t h e  b a s i s  of 
extensive wind-tunnel s t u d i e s  and previous use on NACA research  a i r c r a f t ,  t o  pro- 
vide airspeed,  a l t i t u d e ,  and angle-of-at tack and angle-of -s ides l ip  d a t a .  The 
p i t o t  probe used on t h e  X-15 w a s  cambered t o  g ive  a 10" s l a n t  on t h e  end, t hus  
providing a s tagnat ion-pressure  head which i s  r e l a t i v e l y  i n s e n s i t i v e  t o  angles  
of a t t a c k  between -13" and 32' ( l e s s  than  1-percent  e r r o r  i n  t o t a l  p r e s s u r e ) .  
The s t a t i c  o r i f i c e s  were loca ted  63 inches forward of t h e  t i p  of t h e  a i r c r a f t  
nose ( f i g s .  2 and 3) and 9 p i to t - tube  diameters rearward of t h e  end of t h e  nose 
boom t o  minimize in t e r f e rence  e f f e c t s .  

Free-swiveling, mass-balanced vanes mounted on t h e  nose boom provided angu- 
l a r  pos i t i on  da ta  by means of a synchro-transmit ter  a t t ached  t o  t h e  inboard end 
of each vane s h a f t .  To improve t h e  symmetry of t h e  flow f i e l d  f o r  t h e  angle-of-  
s i d e s l i p  vane, a dummy shaft w a s  mounted opposi te  t h e  angle-of-attack-vane s t r u t .  

Data obtained from t h i s  sensory system were recorded onboard and presented 
i n  t h e  p i l o t ' s  d i sp l ay .  The f low-direct ion da ta  were a l s o  te lemetered t o  t h e  
ground-monitoring s t a t i o n  f o r  real- t ime monitoring. 

P i l o t  s P i t o t  Probe 

Since t h e  removal of t h e  nose boom f o r  speeds above a Mach number of 3, t h e  
s tagnat ion-pressure source f o r  t h e  p i l o t ' s  subsonic a i r speed  system has been t h e  
p i t o t  probe ( f i g s .  2 and 4 ) .  This probe i s  loca ted  d i r e c t l y  ahead of t h e  canopy, 
70 inches rearward of t h e  fuse lage  nose. 

S t a t i c  -Pressure Sources 

A f l u s h  s t a t i c  system cons i s t ing  of two manifolded o r i f i c e s ,  one on each 
s i d e  of t h e  fuselage,  50 inches rearward of t h e  fuse lage  nose and 2 inches above 
t h e  c e n t e r l i n e  ( f i g s .  2 and 4) w a s  provided f o r  p i l o t  use on landings a f t e r  t h e  
nose boom w a s  replaced by t h e  b a l l  nose. These o r i f i c e s  were se l ec t ed  t o  pro- 
vide minimum e r r o r s  over t h e  speed and angle-of -a t tack  ranges experienced during 
landings.  

4 



Because of the sensitivity to angle-of-attack effects of the fuselage- 
located static-pressure orifices, particularly at supersonic speeds, other pos- 
sible locations on the X-15 were studied. 
are a source on the base area of the upper vertical fin and a source on the blunt 
trailing edge of the wing flap. 

Two areas being investigated (fig. 4) 

Hypersonic Flow-Direction Sensor 

A photograph of the high-temperature flow-direction sensor installed on the 
nose of the X-15 airplane is shown in figure 5. This sensor consists of a 
6 1/2-inch-diameter actuated sphere partly housed within a 16 3/4-inch-long 
truncated cone. The internal temperature of the sensor is controlled by a 
temperature-demand system that utilizes liquid nitrogen as a coolant. 

Operationally, the sensor is a null-seeking, hydraulically actuated, elec- 
tronically controlled servomechanism (fig. 6). The differential pressure 
between opposing sphere-surface orifices (two in the pitch plane and two in the 
yaw plane) is measured, and the resulting unbalance signal causes the hydraulic 
actuators to position the sphere to balance this differential pressure. The 
sphere position is a direct indication of the angle of attack and the angle of 
sideslip. This position is electronically detected and transmitted to the on- 
board indicating and recording instruments and also telemetered to the ground- 
monitoring station. Because the dynamic pressure can vary from less than 1 psf 
to 2,500 psf, system stability and accuracy are maintained by a gain adjustment 
in the servo loop. This adjustment is provided by measuring the pressure dif- 
ference between the total-pressure orifice and one of the angle-sensing orifices 
and was designed on the basis of the anticipated rate of change of dynamic pres- 
sure during an entry. Based on ground tests, the angular accuracy of the sensor 
is within +O.25" for dynamic pressures above 10 psf. 

In addition to use in the servo gain network, the sensor total pressure 
(fig. 6) has been used occasionally for onboard presentation to the pilot of 
airspeed and "apparent" dynamic pressure and also for onboard recording of these 
quantities. 

In a recent study of static sources which could be used over a wide speed 
range and which would be essentially devoid of angle-of-attack or angle-of- 
sideslip effects, an orifice was installed at the 70" location above the total- 
pressure port. Pressure measurements from this source have been recorded. 

Inertial Data System 

The X-15 inertial flight-data system is basically an earth-slaved, Schuler 
tuned system alined in azimuth to an equivalent guidance equator that is coin- 
cident with the centerline of the X-15 radar range. Vehicle attitudes, veloc- . 
ities, and height are determined by the inertial system with respect to the X-15 
range coordinates. 
onboard instrumentation. 

They are presented on the pilot's display and recorded by 
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Major system components on the X - 1 5  inc lude  t h e  computer, s t a b i l i z e r ,  and 
p i l o t ' s  d i sp l ay  ( f i g .  7 ) .  The s t a b i l i z e r  conta ins  a four-gimbal system t o  pro- 
vide complete a t t i t u d e  freedom i n  a l l  axes and u t i l i z e s  t h r e e  fo rce  rebalancing 
accelerometers  and t h r e e  single-degree-of-freedom gyroscopes. The computer i s  
a d i r ec t - cu r ren t  analog type  which conver t s  s t a b i l i z e r  information i n t o  v e l o c i t y  
and p o s i t i o n  da ta  and inc ludes  necessary a c c e l e r a t i o n  co r rec t ions .  It a l s o  pro- 
v ides  processing of e r e c t i o n  and alinement information.  

A t  t h e  t ime t h i s  system w a s  se lec ted ,  an  a l l - i n e r t i a l  operat ion from take-  
o f f  t o  landing would have requi red  a system t o o  heavy and t o o  l a r g e  t o  be prac- 
t i c a l  f o r  the  X - 1 5 ;  t he re fo re ,  an i n e r t i a l  da t a  system wi th  radar-damped, 
i n - f l i g h t  alinement techniques p r i o r  t o  launch w a s  chosen. This system w a s  
designed t o  provide a post-launch c a p a b i l i t y  of 300 seconds of f a i r l y  accu ra t e  
v e l o c i t y  and he ight  da t a  and 20 minutes of a t t i t u d e  data ( t a b l e  I ) .  
t h e  types and p r o f i l e s  of t h e  X - 1 5  missions, it w a s  i n i t i a l l y  assumed, and has 
s ince  been demonstrated, t h a t  w i th in  300 seconds a f t e r  launch from t h e  B-52, 
t h e  X - 1 5  p ressure  instruments  a r e  adequate f o r  veh ic l e  height-  and ve loc i ty -  
con t ro l  d a t a .  Erec t ion  and alinement of t h e  s t a b i l i z e r  r equ i r e s  extensive and 
accura te  re ference  equipment aboard t h e  B-52 c a r r i e r  a i r c r a f t  ( f i g .  7 ) .  
A N / A P N - ~ ~  Doppler r ada r  i s  used as a ho r i zon ta l -ve loc i ty  re ference  f o r  alinement 
t o  t h e  v e r t i c a l  during cap t ive  f l i g h t ,  and a n  N - 1  compass i s  used f o r  heading 
re ference  during t h e  s t r a i g h t  and l e v e l  po r t ions  of t h e  c a r r i e d  f l i g h t .  

Because of 

An 

Pos i t ion  d a t a  f o r  i n i t i a l  condi t ions  and confidence checks a r e  provided by 
iround. r ada r  and a B-52 pressure  a l t i m e t e r .  
monitoring of mode c o n t r o l  and system performance and a l s o  processes re ference  
information f o r  use i n  t h e  computer. 

The B-52 con t ro l  panel provides 

Stagnat ion -Temperature Probe 

A photo of t h e  to ta l - tempera ture  probe t e s t e d  on t h e  X - 1 5  f o r  use as a 
The thermocouple probe w a s  ve loc i ty - ind ica to r  source i s  shown i n  f i g u r e  8. 

i n s t a l l e d  on t h e  lead ing  edge of t h e  l e f t  wing a t  t h e  t i p ,  and t h e  output v o l t -  
age w a s  recorded on a n  osc i l lograph  i n  t h e  instrument bay. 
a t u r e  measurement spec i f i ed  by t h e  manufacturer w a s  less  than  2 percent  f o r  
t o t a l  p ressures  g r e a t e r  t han  600 psf  and t o t a l  temperatures l e s s  than 2,400' F. 
Most da t a  f l i g h t s  made with t h e  probe were wi th in  t h e s e  l i m i t s .  
decreases  g radua l ly  with decreasing t o t a l  p ressure .  

The e r r o r  i n  temper- 

The accuracy 

FLIGHT-DATA MEASUREMENTS 

Airspeed-Alti tude Data 

The a i r speed-a l t i t ude  d a t a  obtained by t h e  pressure,  i n e r t i a l ,  and temper- 
a t u r e  systems inves t iga t ed  are presented i n  figures 9 t o  14 .  

Pressure-measuring systems.- The accuracy of pressure  sources i n  determining 
e i t h e r  speed o r  a l t i t u d e ,  o r  both,  f o r  a veh ic l e  i n  subsonic or supersonic f l i g h t  

r 

b 



depends upon the determination of accurate relations of measured to free-stream 
conditions. With radar values used as a baseline, figure 9 illustrates the 
degree of error in Mach number and altitude for the nose-boom pressure system 
and the pressure system composed of the ball-nose total-pressure source and 
fuselage static-pressure source. Although the ball-nose total-pressure 
measurements are considered to be satisfactory, based on previous studies, the 
curves for the combined ball-nose total and fuselage static system are not accu- 
rate calibration curves. They are included to illustrate the trends with change 
in angle of attack that result from the location of the static-pressure orifices. 
These position errors in static-pressure measurements are reflected as errors in 
Mach number and altitude, which increase rapidly with increase in Mach number 
(fig. 9). In contrast, the nose-boom static pressure was insensitive to angle 
of attack up to the maximum experienced; however, because of position error, the 
Mach number and pressure-altitude errors increased slightly with Mach number. 
At M = 3.31, the highest Mach number attained with the nose boom, the absolute 
errors were 0.18 in Mach number and 2,200 feet in pressure altitude. At the 
same Mach number, the corresponding errors in Mach number and altitude for the 
ball-nose total and fuselage static system were 0.88 and 12,400 feet, respec- 
tively, for a = Oo, and 0.50 and 6,300 feet for a = 12'. It should be noted 
that these errors are applicable to direct-reading cockpit instruments and are 
considered excessive for the combined ball-nose total and fuselage static system. 
However, by using an onboard computer, improved accuracy for a cockpit display 
can be attained with either system. 

The ratio of total pressures recorded from the pilot's pitot probe and the 
ball-nose total source as a function of Mach number is shown in figure 10. This 
figure illustrates the degree of error due to angle-of-attack changes inherent 
in the pilot's pitot probe ahead of the canopy. At subsonic speeds, no signif- 
icant differences could be observed that are attributable to angle-of-attack 
effects. At supersonic speeds, the pressure ratio is considerably affected by 
angle of attack above M = 1.8, because of local-flow characteristics behind the 
aircraft bow wave. This system is used in the pilot's cockpit display primarily 
for the low-speed and landing regime; however, at supersonic speeds, the stand- 
ard airspeed indicator spins r3pidly for even small angle-of-attack changes. 

Previous wind-tunnel and flight studies indicated the impracticability of 
locating a static source devoid of position error over the entire supersonic 
range. However, the sensitivity to angle of attack of fuselage-lozated static- 
pressure sources at supersonic speeds generated a study of other possible loca- 
tions on the X-15. Two other sources, on aircraft-component base areas, show 
promise supersonically and are being investigated because of their apparent in- 
sensitivity to angle of attack. Data o3tained for these locations up to angles 
of attack of 20° are shown in figure 11, which presents the difference in base 
and ambient pressures divided by dynamic pressure as a function of Mach number. 
The data for the static source on the base of the upper vertical fin, which*were 
obtained with speed brakes open and closed, show effects of aircraft engine 
power and, therefore, appear to be limited in application. Data recorded on the 
trailing edge of the X-15 flap reduced the scatter substantially. The sensi- 
tivity to angle of attack was reduced greatly, and the effects of power were 
completely eliminated. The location of pressure sensors in this area offers a 
good possibility of refined calibration and measurement of static pressure on 
the X-15. However, it should be realized that use of these sources for onboard 
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presen ta t ion  t o  t h e  p i l o t  would requi re  some computational equipment t o  convert  
t he  measured da ta  t o  an  ambient pressure .  

The unique c h a r a c t e r i s t i c s  of t h e  b a l l  nose i n  maintaining a constant  a l i n e -  
ment with t h e  a i r f low vec to r  provide an exce l l en t  opportuni ty  f o r  making pressure  
measurements on t h e  sphere, s ince  t h e  pressure  d i s t r i b u t i o n  on t h e  s p h e r i c a l  su r -  
f ace  i s  unaf fec ted  by flow a n g u l a r i t y  and i s  def ined  by only two parameters - 
Mach number and dynamic p res su re .  Accordingly, one of t h e  ba l l -nose  sensors  has  
been modified b y  incorpora t ing  a 70" pressure-sensing p o r t .  Some prel iminary 
c a l i b r a t i o n  resul ts  are presented i n  f i g u r e  12 .  The a l t i t u d e  e r r o r  using t h e  
70" por t  i nc reases  s i g n i f i c a n t l y  with Mach number above M = 1, and t h e  p o s i t i o n  
e r r o r  i s  l a r g e r  than  f o r  t h e  nose boom; thus,  t h e  e r r o r  i n  Mach number, us ing  
t h i s  70" por t  and t h e  ba l l -nose  t o t a l  pressure,  i s  a l s o  l a r g e r  than  t h a t  f o r  t h e  
nose boom. Although it i s  expected t h a t  t h e  s c a t t e r  shown by t h e s e  da t a  can be 
apprec iab ly  reduced, t h e  l a r g e r  pos i t i on  e r r o r  of t h i s  70" por t  i n s t a l l a t i o n  
would present  t h e  p i l o t  wi th  g r e a t e r  e r r o r  i n  a d i r ec t - r ead ing  cockpi t  d i s p l a y  
than would t h e  nose boom. However, by using an  onboard computer i n  conjunct ion 
with t h e  ba l l -nose  t o t a l  p ressure  and t h e  70" por t  pressure,  it appears t ha t  a 
s u i t a b l e  f l igh t -guidance  d i s p l a y  can be presented f o r  m c h  numbers below about 
3 .  A t  h igher  Mach numbers, t h e  usefu lness  of t h i s  system appears  t o  be l imi t ed  
because of d e t e r i o r a t i o n  i n  accuracy. 

I n e r t i a l  f l i g h t - d a t a  system.- Figure 13  shows a d i r e c t  comparison between 
i n e r t i a l  v e l o c i t y  and a l t i t u d e  da t a  and comparable r ada r  da t a  f o r  about two- 
t h i r d s  of t h e  normal f l i g h t  time of a r ep resen ta t ive  f l i g h t .  I n  general ,  good 
agreement i s  exhib i ted  f o r  bo th  q u a n t i t i e s  over most of t h e  time per iod shown; 
however, t h e  i n e r t i a l  a l t i t u d e  da t a  show a t y p i c a l  divergence from t r u e  a l t i t u d e  
during t h e  second ha l f  of t h e  f l i g h t .  
a t  launch a s  a r e s u l t  of erroneous i n i t i a l  condi t ions,  bu t  i s  not p a r t i c u l a r l y  
not iceable  o r  ob jec t ionable  u n t i l  t h e  l a t e r  f l i g h t  phases a f t e r  peak v e l o c i t y  
and a l t i t u d e  have been a t t a i n e d .  A s  p rev ious ly  discussed,  t h e  i n e r t i a l  system 
w a s  designed t o  provide reasonably accura te  values  of v e l o c i t y  and a l t i t u d e  f o r  
t h e  f irst  300 seconds of f l i g h t .  Although system performance has tended t o  i m -  
prove wi th  fl ight-development procedures, t h e  data output i s  not considered t o  
be s u f f i c i e n t l y  r e l i a b l e  as a s o l e  source of research  information.  For f l i g h t -  
c o n t r o l  purposes, t h e  v e l o c i t y  output appears t o  be gene ra l ly  adequate; however, 
t h e  a l t i t u d e  readouts  a r e  obviously usable  only f o r  t h e  i n i t i a l  f l i g h t  per iod .  

This  a l t i t u d e  divergence normally starts 

Stagnation-temperature v e l o c i t y  sensor . -  Figure 14 shows a comparison of 

Although t h e  
t h e  v e l o c i t y  ca l cu la t ed  by using t h e  stagnation-temperature probe and t h e  f a i r e d  
radar  v e l o c i t y  f o r  a f l i g h t  t o  a peak v e l o c i t y  of 6,005 f t / s e c .  
to ta l - tempera ture-sensor  v e l o c i t y  agreed w i t h  t h e  r ada r  or t rue v e l o c i t y  during 
t h e  powered a c c e l e r a t i o n  period, it w a s  gene ra l ly  about l5O f t / s e c  higher  than  
radar  over most of t h e  supersonic g l ide -dece le ra t ion  per iod of f l i g h t .  S tudies  
w i t h  t h i s  sensor  are  cont inuing.  The sensor appears  t o  o f f e r  promise f o r  p i l o t -  
p resenta t ion  d i sp lays ,  p a r t i c u l a r l y  a t  t h e  higher  Mach numbers where pressure-  
sensing systems are sub jec t  t o  appreciable  p o s i t i o n  e r r o r s .  
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Flow-Direction Data 

To a s s e s s  t h e  operat ing c h a r a c t e r i s t i c s  of t h e  vane-boom or  ba l l -nose  flow- 
d i r e c t i o n  ( a  and @) sensors ,  a comparison w a s  made of t h e  v a r i a t i o n  of a i r p l a n e  
normal-force c o e f f i c i e n t  with angle  of a t t a c k  measured ind iv idua l ly  w i t h  bo th  
sensors  ( f i g .  15) .  Wind-tunnel t es t  r e s u l t s  for the  X-15 model are a l s o  pre-  
sented i n  t h i s  f i g u r e .  

I n  wind-tunnel vane-boom c a l i b r a t i o n  s t u d i e s  a t  t h e  NASA Langley Research 

This  e r r o r  i s  a t t r i b u t e d  t o  a n  upwash 
Center, t h e  angles  of a t t a c k  ind ica ted  by t h e  vane were somewhat high, pa r t i cu -  
l a r l y  a t  Mach numbers from 0.9 t o  1.47. 
e f f e c t  caused by  t h e  nose boom extending ahead of t h e  vane. A t  Mach numbers 
below 0.9 and g r e a t e r  than  1.47, the e r r o r  amounted t o  about 1" i n  20"; however, 
t h e  e r r o r  w a s  e s s e n t i a l l y  zero f o r  angles  of a t t a c k  l e s s  than  10" a t  supersonic 
speeds.  These s t u d i e s  a l s o  ind ica ted  tha t  the e r r o r s  of t h e  angle-of -s ides l ip  
vane ranged from 0" t o  1.5" f o r  s i d e s l i p  angles  up t o  f l O o  and var ied  i n  magni- 
tude and s ign  w i t h  Mach number. Inasmuch as t h e  vane-boom conf igura t ion  used 
i n  t h e  f l i g h t  s t u d i e s  w a s  i d e n t i c a l  t o  t h a t  used i n  t h e  wind-tunnel c a l i b r a t i o n  
s tudies ,  it i s  assumed t h a t  t h e  vane-boom f low-di rec t ion  f l i g h t  r e s u l t s  are 
correspondingly high. 

The agreement i n  the  f l i g h t  data shown i n  f i g u r e  13 f o r  t h e  two sensors  a t  
t h e  lowest supersonic speed ( M  = 2.0) i s  good. A t  M = 0.9, the apparent  exces- 
s i v e l y  high values  of angle  of a t t a c k  obtained w i t h  t h e  ba l l -nose  sensor  are 
a t t r i b u t e d  t o  t h e  subsonic upflow e f f e c t  a t  the nose of the fuse lage .  Upwash 
co r rec t ions  appl ied  t o  t h e  f l i g h t  data (on t h e  b a s i s  of bal l -nose-sensor  wind- 
tunnel  t e s t s )  would provide good agreement of t he  ba l l -nose  d a t a  with the  vane- 
boom d a t a .  A t  a l l  speeds shown, a s l i g h t  s c a t t e r  i s  exhib i ted  by the  f l i g h t  
data which i s  a t t r i b u t e d  t o  t h e  o s c i l l a t o r y  na ture  of the  f l i g h t  maneuvers; how- 
ever, bo th  t h e  vane boom and t h e  ba l l -nose  sensors  provided repea tab le  data wi th  
l i t t l e  spread. I n  genera l ,  t h e  agreement between the f l i g h t  da t a  and t h e  wind- 
tunnel  da t a  i s  good, d e s p i t e  t h e  f a c t  t h a t  t h e  wind-tunnel r e s u l t s  were i n t e r -  
polated from data obtained a t  seve ra l  f a c i l i t i e s .  

Although t h e  nose boom has not been used i n  f l i g h t  on t h e  X-15 t o  extremely 
low dynamic pressures  (below 9 p s f ) ,  t h e  ba l l -nose  sensor  has been t e s t e d  i n  t h i s  
f l i g h t  range. The r e s u l t s  have been f a i r l y  accura te ,  i n  s p i t e  of t h e  degradat ion 
i n  performance wi th  decrease i n  dynamic pressure .  
compared w i t h  t h e  a n a l y t i c a l  p ro j ec t ion  of t h e  sensor accuracy i n  the low- 
dynamic-pressure reg ion .  The accuracy of t he  f l i g h t  d a t a  shown w a s  obtained by  
comparing t h e  angle of a t t a c k  as measured by t h e  sensor  (asensor)  w i t h  t h e  angle  
of a t t a c k  computed by using p i t c h  a t t i t u d e  obtained from t h e  i n e r t i a l  p la t form 
(@inertial) i n  n e a r l y  wings-level f l i g h t  and the f l i g h t - p a t h  angle as der ived  
from rada r  information (Yradar ) .  It should be  noted t h a t  t h e  accuracy of t h e  
f l igh t -pa th-angle  determinat ion i s  f a i r l y  l i m i t e d .  A s  shown i n  the  f igu re ,  t h e  
maximum d i f f e rence  between the  f l i g h t  and a n a l y t i c a l  p ro j ec t ions  of sensor  accu- 
racy  i s  l e s s  than  3/4" a t  a dynamic pressure  of 3.5 p s f .  For dynamic p res su res  
below 1 psf ,  t h e  sensor output  i s  e s s e n t i a l l y  unusable.  

I n  f i g u r e  16, f l i g h t  d a t a  a r e  

The r e p e a t a b i l i t y  and accuracy of t h e  angles  of s i d e s l i p  obtained from t h e  
ba l l -nose  sensor  are e s s e n t i a l l y  t h e  s a m e  as spec i f i ed  f o r  t h e  angle-of -a t tack  , 
da ta  and are considered adequate, even t o  extremely low dynamic pressures .  
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Inertial-System Attitude Data 

An indication of the suitability of the attitude-angle information provided 
by the inertial system is shown in figure 17. The pitch attitude indicated by 
the inertial system at engine burnout of the X-15 is plotted as the ordinate, 
and.the pitch attitude obtained by the sum of the flight-path angle Y derived 
from radar information and the measured angle of attack a from the ball-nose 
sensor is.plotted as the abscissa. Although this comparison shows only moder- 
ately good agreement in the low range for the pitch-attitude angles obtained by 
the two techniques discussed, it should be noted that the accuracy of the flight- 
path-angle determination in the flatter trajectories is fairly limited. In 
general, the pitch-attitude data produced by the inertial system appear to be 
accurate and reliable over the entire range evaluated. 

Similarly reliable flight results were provided by the inertial system for 
bank and heading information recorded by onboard instrumentation. Furthermore, 
post-flight attitude readings obtained immediately after touchdown indicated 
that the inertial system provided fairly accurate attitude data throughout the 
flight, including the landing. 

x-15 COCKPIT DISPLAY 

Despite the multimission flight capability and large flight envelope of the 
X-15, its overall cockpit display is essentially conventional, inasmuch as the 
operating level of many of the aircraft and engine systems is shown in a stand- 
ard form. 

Some of the salient items used for pilot presentation in the X-15 are shown 
in the main-panel display of figure 18. The panel area shown above the heavy 
white lines contains the primary flight quantities; the display quantities below 
the white lines represent several important aircraft and engine systems. The 
prime flight indicators include: a three-axis attitude ball (which includes 
vernier indications of a, f3, and 63) , a normal-acceleration indicator, an 
angle-of-attack indicator, a roll-rate indicator, a stopwatch for rocket-engine 
operation, pressure altitude and airspeed indicators, and inertial values of 
altitude, velocity, and rate of climb. In addition, the area directly above the 
three-axis attitude ball has been used at various times to display and evaluate 
“new” quantities or quantities desired for specific missions, such as angle of 
sideslip (gross indication), dynamic pressure, or flight-path velocity indicated 
by a stagnation-temperature probe. 

In almost all instances, circular scales that were uniformly graduated and 
easily read by the pilot were used. 
operated by electrical signals provided initially by the nose-boom vane and then 
by the ball-nose sensor. The normal-acceleration indication was provided by a 
self-contained accelerometer unit positioned behind the display panel. The 
dynamic-pressure indication, although slightly in error because ambient pressure 
was neglected, was provided by a factored value of the total pressure from the 
ball-nose sensor, but was limited in use to the range above M 2.5. (The 
dynamic-pressure display is discussed in more detail later.) 
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The angle-of-attack indicator was, of course, 

The stopwatch used 



f o r  t iming rocket-engine operat ion w a s  s t a r t e d  by ac tua t ion  of t h e  engine main 
propel lan t  valve.  The i n e r t i a l  ve loc i ty ,  height ,  and rate-of-climb d i s p l a y  are 
operated from t h e  output of t h e  iner t ia l - sys tem computer. 
and a i r speed  d i sp lay  c u r r e n t l y  uses  t h e  s tagnat ion  pressure from t h e  p i l o t ’ s  
p i t o t  probe and t h e  s t a t i c  pressure sensed a t  t h e  s ide-fuselage po r t s ;  however, 
t h i s  d i sp l ay  i n i t i a l l y  used t h e  nose-boom t o t a l  and s t a t i c  pressures .  

The p res su re -a l t i t ude  

Perhaps t h e  most important cockpi t  instrument i n  t h e  X - 1 5  i s  t h e  th ree -ax i s  
a t t i t u d e  b a l l  ( f i g .  1 9 ) .  I n  add i t ion  t o  t h e  a i r c r a f t - a t t i t u d e  p resen ta t ion  pro- 
vided by t h e  b a l l  i nd ica to r ,  a p i t c h  n u l l  ve rn ie r  i s  loca ted  on t h e  l e f t  s ide  of 
t h e  ind ica tor ,  and crossbars  are incorporated wi th in  t h e  f ace  of t h e  a t t i t u d e  
ind ica to r  t o  provide ve rn ie r  i nd ica t ions  of angle  of a t t a c k  (about a prese lec ted  
n u l l  pos i t ion)  and of angle  of s i d e s l i p .  A s  previously discussed,  a t t i t u d e  i n -  
formation i s  provided by t h e  i n e r t i a l  da t a  system, and angles  of a t t a c k  and 
s i d e s l i p  are provided by t h e  nose-boom vanes o r  t h e  hypersonic f low-di rec t ion  
sensor .  

A s  a r e s u l t  of t h e  increased accuracy des i r ed  i n  a t t a i n i n g  s p e c i f i c  condi- 
t i o n s  of dynamic pressure  during var ious X - 1 5  f l i g h t s ,  a t t e n t i o n  was given t o  
present ing t h i s  information t o  the p i l o t  on t h e  b a s i s  of ba l l -nose  t o t a l  p res -  
su res .  A s  shown i n  t h e  upper por t ion  of f i g u r e  20, t h e  r a t i o  of f ree-s t ream 
dynamic pressure t o  t o t a l  pressure i s  an e x p l i c i t  func t ion  of Mach number. Above 
a Mach number of 2 .5  the  r a t i o  approaches a constant  value.  The t h e o r e t i c a l  
e r r o r s  i n  dynamic pressure  for se l ec t ed  values  of t h e  r a t i o  q/pt ( o r  K) of 
0.526 and 0.540 a r e  shown i n  t h e  lower po r t ion  of t h e  f i g u r e .  
of 0.526, t h e  values  of ind ica ted  dynamic pressure  w i l l  b e  3 percent  high a t  
M = 2 . 1  
providing a d i sp lay  t o  t h e  p i l o t . )  The lower po r t ion  of f i g u r e  2 1  shows t h e  
e r r o r  between ind ica t ed  and radar -ca lcu la ted  dynamic pressures  f o r  an  a c t u a l  
X - 1 5  heat ing f l i g h t  (upper  po r t ion  of f i g u r e ) .  
p a r t  of t h e  f l i g h t  ( M  > 2 .5 ) ,  t h e  p i l o t  w a s  given dynamic pressure  gene ra l ly  
wi th in  2 percent .  

Using t h e  value 

and 2 .5  percent  low a t  M = 6. (This  value of t h e  r a t i o  w a s  used i n  

During t h e  c r i t i c a l  o r  usable  

GROUND-BASED GUIDANCE FQUIPMENT 

Although t h e  p i l o t  of t h e  X-15 i s  i n  complete con t ro l  of h i s  f l i g h t ,  t h e  
ground-monitoring s t a t i o n  performs a number of important func t ions  i n  supporting 
t h e  f l i g h t  operat ion.  The primary func t ions  of t h e  ground-control s t a t i o n  are 
t o :  

Monitor opera t ion  of t h e  subsystems during t h e  f l i g h t  and 
advise  t h e  p i l o t  of any d iscrepancies .  

Pos i t i on  t h e  B-52 a i r p l a n e  over t h e  des i r ed  launch poin t  
a t  t h e  des i r ed  t i m e  by advis ing  t h e  B-52 p i l o t  of course 
co r rec t ions  and countdown-time co r rec t ions  p r i o r  t o  
launch . 



Time t h e  engine operat ion as a backup f o r  t h e  onboard 
stopwatch . 

Advise t h e  X - 1 5  p i l o t  of heading cor rec t ions ,  radar  
a l t i t u d e s ,  and pos i t i on  during t h e  f l i g h t .  

Monitor and eva lua te  s t a b i l i t y  and c o n t r o l  parameters.  

Monitor t h e  X - 1 5  p i l o t ' s  physiological  environment. 

Provide t h e  X-15 p i l o t  with energy-management 
a s s i s t a n c e .  

Di rec t  a i r  search and rescue operat ion i n  a n  emergency. 

A view of t h e  X - 1 5  ground-control s t a t i o n  a t  t h e  NASA F l igh t  Research 
Center i s  shown i n  f i g u r e  22. This s t a t i o n  i s  equipped with d isp lays  of t h e  
r ada r  da t a  and se l ec t ed  channels of te lemetered d a t a  and a l s o  with communica- 
t i o n  equipment. From t h i s  c e n t r a l  l oca t ion  t h e  ope ra t iona l  c h a r a c t e r i s t i c s  of 
var ious  onboard systems and subsystems - much more information than i s  a v a i l -  
ab l e  t o  the  p i l o t  - can be monitored t o  provide p i l o t  backup monitoring and 
guidance information. Also, information can be t r ansmi t t ed  regarding a i r c r a f t  
pos i t ion ,  heading, v e l o c i t y  and a l t i t u d e ,  angle  of a t t a c k ,  acce lera t ion ,  and a 
hos t  of o ther  q u a n t i t i e s .  

A photograph of t h e  radar  p l o t t i n g  board showing t h e  t r a j e c t o r y  and t r a c k  
f o r  a r ep resen ta t ive  f l i g h t  and the range-capabi l i ty  f o o t p r i n t s  i s  presented i n  
f i g u r e  23. I n  order  t o  supply range-capabi l i ty  advice t o  t h e  p i l o t  as r ap id ly  
as poss ib le ,  t h e  range-footpr int  ou t l i nes  shown i n  t h i s  f i g u r e  were o r i g i n a l l y  
superimposed on the radar  plot t ing-board maps used i n  t h e  ground-control l ing 
s t a t i o n .  Thus, t h e  ground con t ro l l e r ,  a f t e r  a s c e r t a i n i n g  t h e  v e h i c l e ' s  v e l o c i t y  
and a l t i t u d e ,  could determine which usable  landing a r e a s  were wi th in  the  vehi-  
c l e ' s  range c a p a b i l i t y  a t  any p a r t i c u l a r  i n s t a n t .  This technique i s  now being 
ground-mechanized with radar  inputs  of forward ve loc i ty ,  v e r t i c a l  ve loc i ty ,  and 
a l t i t u d e  i n t o  a computer which can provide a dynamic d i sp lay  of t he  range f o o t -  
p r i n t ,  t o  a high-key a l t i t u d e  of 20,000 feet ,  as  t h e  f l i g h t  progresses .  The 
f l i g h t  c o n t r o l l e r  can then  t ransmi t  t he  necessary information t o  t h e  X-15 p i l o t .  

USE OF ONBOAFE AND GROUND-BASED GUIDANCE 

A s  discussed i n  t h e  preceding sec t ions ,  a s tandard nose boom w a s  used on 
t h e  X-15 during the  e a r l y  p a r t  of t h e  fl ight-envelope-expansion program up t o  
M = 3.3. The boom provided values  of angle  of a t t a c k ,  angle  of s i d e s l i p ,  a i r -  
speed, and pressure a l t i t u d e  t o  t h e  p i l o t  with s u f f i c i e n t  accuracy. P i l o t i n g  
techniques were based on these  parameters, and t h e  r e s u l t i n g  f l i g h t  p r o f i l e s  
were gene ra l ly  s i m i l a r  t o  those  of previous research  a i r c r a f t ,  such a s  t h e  X - 1  
and X-2. A f t e r  i n s t a l l a t i o n  of t h e  hypersonic f low-di rec t ion  sensor t o  proceed 
t o  higher  speeds and a l t i t u d e s ,  t h e  i n e r t i a l  p la t form w a s  t h e  primary source of 
v e l o c i t y  and a l t i t u d e  information t o  t h e  p i l o t  a t  t h e  higher  speeds. A t  t h e  
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lower speeds, t h e  p i t o t  probe ahead of t h e  canopy and the  fuse lage  s t a t i c  pres-  
sure  provided t h e  p i l o t  wi th  values  of a i r speed  and a l t i t u d e  t h a t  were s u i t a b l e  
f o r  landing.  The p i l o t ' s  only source of angle-of -a t tack  and ang le -o f - s ides l ip  
information w a s  the f low-di rec t ion  sensor .  Because the r e l i a b i l i t y  of t h i s  i n -  
formation from these two systems had not  been adequately demonstrated t o  allow 
t h e i r  use as prime instruments,  normal acce le ra t ion  and engine burning t i m e  were 
rever ted  t o  a s  t h e  prime re ferences  during t h e  post-launch roundout and powered 
po r t ions  of f l i g h t .  Appreciable d a t a  have now been obtained wi th  t h e  i n e r t i a l  
platform and ba l l -nose  sensor  t o  provide a b a s i s  f o r  assess ing  t h e  r e l i a b i l i t y  
of t h i s  information and a l s o  the a t t i t u d e  information provided by t h e  i n e r t i a l  
system. Because t h e  cu r ren t  a i r c r a f t  conf igura t ion  and most of t h e  f l i g h t  pro- 
gram include t h e  use of t h e  ba l l -nose  sensor,  an  a l t e r n a t e  a i r speed  system, and 
the  i n e r t i a l  da t a  system, these sensors  are discussed i n  t h e  following sec t ions .  

The use of t h e  cockpi t  d i sp l ay  and ground-link information provided t o  the 
p i l o t  can b e s t  be i l l u s t r a t e d  by descr ib ing  t y p i c a l  phases of f l i g h t .  

Pre-Launch Phase 

Before each f l i g h t  a prese lec ted  p i t c h  angle,  which i s  required f o r  t h e  
climbout phase of t h a t  s p e c i f i c  f l i g h t ,  i s  s e t  on t h e  th ree -ax i s  a t t i t u d e  b a l l  
f o r  p i t c h  nu l l ing  by t h e  p i l o t .  Also ,  a prese lec ted  angle  of a t t ack ,  which i s  
required f o r  t h e  most r igorous region of t h e  f l i g h t  (climbout,  maneuvering, o r  
e n t r y  regions,  depending on t h e  f l i g h t  mission) ,  i s  s e t  f o r  nu l l i ng  on t h e  three-  
a x i s - b a l l  ho r i zon ta l  c ros sba r .  During t h e  B-52 t a x i ,  t akeoff ,  and climb opera- 
t i o n s ,  s p e c i f i c  procedures a r e  required t o  a l i n e  t h e  X - 1 5  i n e r t i a l  system by 
using the B-52 c a r r i e r  equipment, and t o  provide accura te  i n i t i a l  condi t ions  t o  
the i n e r t i a l  system before  the system i s  placed i n  the  " i n e r t i a l "  mode f o r  
launch. Pre-launch ope ra t iona l  procedures a l s o  inc lude  a comparison, by  radio,  
of cockpi t  and ground-monitored, te lemetered information pe r t a in ing  t o  angle  of 
a t t a c k  and i n e r t i a l  a t t i t u d e ,  v e l o c i t y  and height ,  and o ther  s i g n i f i c a n t  quan- 
t i t i e s .  I n  add i t ion  t o  these  comparisons, t h e  pre-launch checks a l s o  g ive  t h e  
p i l o t  and the  ground-control monitors assurance tha t  t h e i r  instrumentat ion i s  
operat ing s a t i s f a c t o r i l y .  Except when a l t e r n a t e  p re sen ta t ion  information may be 
u t i l i z e d  o r  a s p e c i f i c  d i s p l a y  quan t i ty  may not be a prime guidance f a c t o r  f o r  
the  given f l i g h t ,  a l l  primary f l i g h t  q u a n t i t i e s  displayed t o  t h e  p i l o t  must be  
operat ing s a t i s f a c t o r i l y  or t h e  launch i s  cance l led .  A s  a r e s u l t  of t h e  develop- 
mental experience gained w i t h  t h e  systems used i n  the X-15, f l i g h t  cance l l a t ions  
because of system or d i s p l a y  malfunction are rare. 

Pos t -hunch  Phase 

Immediately a f te r  launch, t h e  engine i s  i g n i t e d  and t h e  p i l o t  i nc reases  t h e  
normal a c c e l e r a t i o n  t o ,  perhaps, 2g. He maintains  t h i s  l e v e l  t o  r o t a t e  the a i r -  
plane t o  t h e  prese lec ted  climbout p i t c h  angle  e s t ab l i shed  by t h e  mission requi re -  
ments. Although the  normal-accelerat ion i n d i c a t o r  i s  the primary instrument 
used during t h i s  maneuver, a successfu l  roundout cari a l s o  be  accomplished by  
using e i t h e r  t h e  cockpi t  angle-of -a t tack  o r  s t a b i l i z e r - p o s i t i o n  i n d i c a t o r .  The 
p i t c h  n u l l  v e r n i e r  on the  s i d e  of t h e  th ree -ax i s  a t t i t u d e  b a l l  i s  used f o r  
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precise acquisition and maintenance of the climbout pitch angle up to engine 
shutdown or until a push-over is prescribed by the flight mission. An illustra- 
tion of the suitability of the display and piloting technique is shown in 
figure 24 in which the average pitch angle used during the powered climb is com- 
pared to the pitch angle specified for each flight mission. For the two appre- 
ciable discrepancies shown, the pilot realized that his pitch attitude differed 
from that planned because of unforeseen flight occurrences. 

It must be emphasized that this control and use of the pitch-angle display 
has been satisfactory, despite appreciable longitudinal accelerations (nearly 
4g) and the significant pitch attitudes utilized. These conditions, combined 
with pilot head motion, have occasionally given the pilot a feeling of neay- 
vertigo or of rotating completely over on his back. Also, at the pitch angles 
required, the pilot cannot see the horizon and must rely on the attitude indi- 
cator to maintain proper heading and to keep wings level. 
along a given flight profile is dictated by engine operating time, assuming a 
constant throttle setting for the engine. Operating time is indicated by the 
stopwatch installed in the cockpit above the three-axis attitude ball. 
inertial-platform-system indications of velocity and altitude provide additional 
cues to the pilot during most of the flight. Ground communications of elapsed 
time and of radar altitude and velocity also provide him with cues throughout 
the flight. The suitability of these techniques is shown by the comparison in 
figure 25 of the actual and planned peak velocities and altitudes attained 
during several flights. 

Peak velocity attained 

The 

High-Performance Phase 

Generally, two different types of flight missions are flown with the X-15: 
an altitude profile in which very low values of dynamic pressure are attained, 
and a speed-mission profile involving appreciable values of dynamic pressure. 
In the altitude profile, climbout pitch attitude is maintained, using the pitch 
null vernier on the three-axis ball, until engine shutdown. After engine shut- 
down, the airplane is essentially in ballistic flight, and the prime cues used 
by the pilot for controlling are the attitudes from the three-axis ball and the 
nulling angle-of-attack and angle-of-sideslip crossbars which are also displayed 
on the same indicator. In this flight regime, all information is displayed cen- 
trally, thereby minimizing scanning and instrument cross-checks. For entry, the 
pilot tries to maintain a sideslip-nulled condition and attain a desired pitch 
attitude. This attitude is held until the dynamic-pressure buildup is suffi- 
cient to maintain a given angle of attack. (In the event of a malfunction in 
the ball-nose sensor or in the angle-of-attack indication, the entire entry can 
also be performed by using a given pitch attitude.) 
angle of attack, the pilot uses the angle-of-attack indicator and the angle-of- 
attack nulling crossbar on the three-axis ball. 
the normal acceleration reaches a significant value, such as 5g, on the acceler- 
ometer gage. The remainder of the pullout to level flight is performed at this 
constant acceleration value using the accelerometer as the prime indicator. 

To maintain the desired 

He maintains this angle until 

A recent innovation in the cockpit display, for use during the ballistic- 
trajectory portion of altitude missions, employs a pilot-actuated switching 
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mechanism to present vernier heading on the vertical crossbars of the three-axis 
attitude indicator. During the ballistic ascent, the pilot maintains a sideslip- 
nulled condition on the vertical crossbar of the three-axis ball, switches this 
crossbar presentation to heading as the dynamic pressure becomes extremely low, 
and maneuvers the airplane as required at low dynamic pressure. He then nulls 
the heading presentation as dynamic pressure builds up in the descent, in order 
to attain zero angle of sideslip for the entry, and switches back to an angle- 
of-sideslip presentation on the vertical crossbar. In the single flight per- 
formed with this presentation, the display technique was judged to be satisfac- 
tory. 

In the speed-mission profile, a push-over to a normal acceleration of Og is 
effected after approximately one-half of the powered flight duration has been 
completed. The pilot maintains this acceleration on his cockpit acceleration 
gage until engine shutdown time is reached. In these missions, dynamic pressure 
and airplane skin temperatures are important because of operating and design 
limits; hence, careful observation of the dynamic-pressure indicator and of the 
inertial-velocity and altitude indicators is required. These quantities are 
cross-checked by ground communication of radar velocity and altitude. Since the 
speed missions are used basically to perform maneuvering stability or heat- 
transfer tests for research purposes, the pilot uses the angle-of-attack and 
sideslip indicators and the inertial-velocity and altitude indicators as prime 
cues while he is maneuvering in decelerating flight. In addition, for a speci- 
fic maneuver during a given mission, the nulling crossbars on the three-axis 
ball are used for more accurate control of angle of attack and sideslip. 

During the supersonic glide to the desired landing area, the accumulated 
effect of somewhat erroneous initial conditions supplied to the inertial system 
generally results in inaccurate indicatiohs of inertial altitude. However, the 
attitude indications and, to a lesser extent, the velocity indications are gen- 
erally accurate for the entire flight. In this flight regime, the pilot's prime 
guidance cues have been the external cues he obtains by observing his position 
with respect to the landing area and by using cockpit indications of angle of 
attack for near-optimum lift-drag-ratio glide. Additional cues are provided by 
ground communication of airplane position and radar velocity and altitude. 

Approach and Landing Phase 
Q' 

During the final phases of flight - the approach and landing - the pres- 
sure instruments that provide altitude, airspeed, and Mach number information 
to the pilot are utilized because of their reliable presentations at subsonic 
speeds. In setting up the approach pattern, the pilot uses his external cues 
of airplane position relative to the desired landing spot and his cockpit dis- 
play of altitude and airspeed. A constant indicated airspeed of 300 knots is 
generally flown, with pattern adjustments for altitude changes. For optimum 
lift-drag ratio, a lower value of airspeed is used. For flare-initiation, ex- 
ternal indications of altitude are used by the pilot. These altitudes have 
generally averaged less than 1,000 feet above the landing area. The flare point 
and velocity are selected so that the energy remaining after the flare allows 
sufficient time to make last-second adjustments in configuration and aircraft 



a t t i t u d e  i n  order  t o  execute the landing a t  acceptab le  values  of angle  of a t t a c k  
and  s i n k  ra te  and i n  proximity t o  t h e  intended landing po in t .  The p i l o t s  have 
gene ra l ly  landed wi th in  +1,000 fee t  of t h e  intended poin t  and have touched down 
wi th in  -+25 f ee t  i n  two r ecen t  landings .  

Escort  -Ai rcraf t  Support 

The importance of e s c o r t  a i r c r a f t  i n  checking t h e  opera t ion  and well-being 
of t h e  X-15  and i t s  p i l o t  and i n  supplying information t o  t h e  a i r p l a n e  should be 
noted. Although seve ra l  e s c o r t  a i r p l a n e s  a r e  deployed along s p e c i f i c  po r t ions  
of each planned f l i g h t  t r ack ,  t hey  are most he lp fu l  i n  the  launch and landing 
areas ( inc luding  emergency landing areas).  
c r a f t  checks t h e  X - l 5  e x t e r n a l  conf igura t ion  and r e p o r t s  on pre-launch opera- 
t i o n a l  procedures.  
s i t e  or i n  t h e  designated X - l 5  landing a rea  a t  Edwards A i r  Force Base, t h e  es- 
c o r t  a i r c r a f t  v e r i f i e s  X - 1 5  r e s idua l - fue l  j e t t i s o n i n g ,  checks t h e  X - 1 5  configu- 
r a t ion ,  v e r i f i e s  t h e  X - 1 5  i nd ica t ions  of a i r speed  and a l t i t u d e  i n  t h e  landing 
pa t t e rn ,  and informs t h e  X - 1 5  p i l o t  of t h e  he ight  of t h e  a i r p l a n e  above t h e  
ground as t h e  touchdown i s  approached. Although X - 1 5  landings have been suc- 
c e s s f u l l y  negot ia ted  on one or two occasions when t h e  e sco r t  a i r p l a n e  w a s  not 
s u f f i c i e n t l y  c lose  i n  t h e  landing p a t t e r n  t o  perform e f f e c t i v e l y ,  t h e  use of t h e  
e sco r t  a i r c r a f t  i s  considered mandatory because of t h e  e f f e c t i v e  backup it pro- 
v i d e s .  

I n  t h e  launch area, t h e  e sco r t  a i r -  

During t h e  landing maneuver a t  e i t h e r  a remote emergency 

CONCLUDING FSN4RKS 

The X - 1 5  f l i g h t  program has been conducted with an  expanding f l i g h t  enve- 
lope  t o  a Mach number of 6.04 and an a l t i t u d e  of 314,750 f e e t ,  us ing a combina- 
t i o n  of f l igh t -guidance  sensors ,  systems, and techniques,  some of which were 
developed on t h e  X - 1 5  veh ic l e .  Several  of t hese  systems appear t o  be s a t i s f a c -  
t o r y  f o r  providing research  and p i lo t -d i sp lay  information r e l a t i v e  t o  a i r speed ,  
a l t i t u d e ,  dynamic pressure,  f low-di rec t ion  angles ,  and veh ic l e  a t t i t u d e .  Other 
systems need a d d i t i o n a l  refinement of c a l i b r a t i o n  and some onboard computational 
equipment if required f o r  t h e  p i l o t  d i sp l ay .  

I n  general ,  use  of a nose-boom i n s t a l l a t i o n  on a i r c r a f t  designed f o r  speeds 
up t o  a Mach number of about 3 i s  recommended as t h e  prime a i r - sens ing  source 
and f o r  f low-di rec t ion  measurements. 
a l t i t u d e s ,  use of a b a l l  nose or s i m i l a r  sensor  having a high-temperature capa- 
b i l i t y ,  i n  conjunct ion with an  accu ra t e ly  c a l i b r a t e d  s t a t i c  source which i s  
independent of a l l  conf igura t iona l  and r o t a t i o n a l  e f f e c t s ,  appears  t o  be w a r -  
r an ted .  The i n e r t i a l  system t e s t e d  provided s a t i s f a c t o r y  a t t i t u d e  information 
f o r  long periods; however, t h e  accuracy of t h e  a l t i t u d e  output d e t e r i o r a t e d  
because of t h e  short- term r e l i a b i l i t y  of t h e  system. A s tagnat ion-temperature  
sensor  appears t o  be a promising source f o r  v e l o c i t y  information a t  supersonic 
and hypersonic speeds bu t  r equ i r e s  f u r t h e r  development. 

For h igher  speeds and t h e i r  assoc ia ted  
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Although the cockpit display used in the X-15 program can be improved, it 
has generally enabled precise attainment of goals for specific missions, partic- 
ularly with the aid of special displays and backup methods devised in pre-flight 
simulation planning. 
pilot by ground-monitoring personnel is not essential for the accomplishment of 
every flight, it has contributed significantly to the success of the flight pro- 
gram. 

Although the flight-guidance information provided to the 

Flight Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif ., May 22, 1954. 
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TABLE I 

m s u r m "  SPECIFICATIONS FOR INERTIAL FLIGHT-DATA SYSTEM 

(Time dura t ion :  300 see)  

Measurements 
r e  qu i r ed 

At t i t ude  a n g l e s ,  deg 

Height. f t  

V e l o c i t y :  

T o t a l ,  f t / s e c  

Down rang e , f t / s e c 

Crossrange. f t / s e c  

Ver t i ca l ,  f t / s e c  

Range 

Un 1 i m i t ed 

0 to ~00,000 

7,000 

+-7,000 

rt-3,ooo 

?>, 000 

0 - 5  

> >  000 

70 

50 

50 
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X-15 AIRPLANE WITH NOSE BOOM 

Figure 1 

X-15 AIR-DATA INSTALLATIONS 

NOSE-BOOM INSTALL AT1 ON 

BALL-NOSE INSTALLATION 
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BALL Y NOSE 
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50" FUSELAGE STATIC 
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Figure 2 
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NOSE - BOOM PITOT-STATIC TUBE 
WITH FLOW - DIRECTION VANES 

TOTAL- PRESSURE TUBE -7 
@ 

d 

Figure 3 

SEVERAL ALTERNATE PRESSURE SOURCES 

n 

I PROBE 

PILOT'S PITOT PROBE 

Figure 4 
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SUPERSONIC-HYPERSONIC FLOW-DIRECTION SENSOR 

Figure 3 

BLOCK DIAGRAM OF FLOW-DIRECTION SENSOR 

TO RECORDER 

T O  RECORDER 
AND DISPLAY 
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INTEGRATED INERTIAL FLIGHT DATA SYSTEM 
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AIRSPEED-ALTITUDE SYSTEMS CALIBRATIONS 
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VARIATION OF TOTAL-PRESSURE RATIO FOR 
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CALIBRATION OF BASE PRESSURE PORTS 
FOR USE AS STATIC SOURCES 
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Figure 11 

COMPARISON OF BALL-NOSE ALTERNATE STATIC SOURCE - 
TOTAL-PRESSURE SYSTEM WITH NOSE-BOOM SYSTEM 
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Figure 12 



CHARACTERISTICS OF INERTIAL FLIGHT-DATA SYSTEM 
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Figure 14 
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CHARACTERISTICS OF VANE-BOOM AND BALL-NOSE 
FLOW-DIRECTION SENSORS 
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Figure 15 

ACCURACY OF BALL-NOSE FLOW-DIRECTION SENSOR 
AT LOW DYNAMIC PRESSURE 

Figure 16 
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COMPARISON OF PITCH-ATTITUDE MEASUREMENTS 
AT ENGINE BURNOUT 
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X-15 THREE-AXIS ATTITUDE BALL 
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DYNAMIC-PRESSURE VARIATION BASED ON 
BALL-NOSE TOTAL PRESSURE 
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X- 15 GROUND-CONTROL STATION AT FRC 
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FRC RADAR PLOTTING-BOARD MAP 

Figure 23 

COMPARISON OF ACTUAL AND PLANNED 
PITCH ATTITUDE FOR X-15 FLIGHTS 
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